A new technique for the detection of explosives has been developed based on fluorescence quenching of pyrene on paper-based analytical devices (mPADs). Wax barriers were generated (150 uC, 5 min) using ten different colours. Magenta was found as the most suitable wax colour for the generation of the hydrophobic barriers with a nominal width of 120 mm resulting in fully functioning hydrophobic barriers.
Introduction
Rapid screening for explosives in pre-and post-blast debris or soil is of high importance from both an environmental and forensic science perspective. [1] [2] [3] In soils, explosive compounds are mostly encountered near facilities previously involved in the manufacture, assembly, testing, storage or demilitarizing of munitions. 4 Since the decomposition of these compounds is relatively slow, they have the potential to pollute the groundwater, creating a serious environmental hazard. 5 In addition, terrorist attacks continue to pose a threat for public safety. 6 As a result, the fast screening of explosives in various public places, e.g. airports, allows first responders and emergency personnel to make quick decisions, critical for public security. 7 A wide range of analytical laboratory methods are available for organic explosive detection including liquid chromatography mass spectrometry (LC-MS), 1 high-performance liquid chromatography (HPLC), 8, 9 thin layer chromatography (TLC), 10 capillary electrophoresis (CE), 11 surface enhanced Raman spectroscopy (SERS), 12 energy dispersive X-ray diffraction, 13 ion mobility spectrometry (IMS), 14 and gas chromatography mass spectrometry (GC-MS). 15, 16 Despite the excellent sensitivity offered by some of these techniques, the elevated costs, long analysis time and bulky instrumentation limit their applicability to field-based screening. 3, 4, 17 In addition, sending samples for laboratory testing is costly and time-consuming. 4 It is therefore of significance to the research community to develop portable screening methods to detect explosives. Some mature techniques include amperometric sensing, 18 polymer sensing, 17, 19 membrane-based flow displacement immunoassays, [20] [21] [22] [23] [24] amperometric gas sensoring, 18 reflectance spectroscopy 3 and colour reactions. 25, 26 Although these methods facilitate field detection of explosives, they can be time intensive, have significant sample preparation requirements or include elaborate screening devices which may not be stable under general or non-laboratory conditions. 3 Fluorescence methods have also been applied to the field detection of explosives due to their sensitivity, selectivity, simplicity and low cost instrumentation. [27] [28] [29] [30] [31] Polymer films have been used as fluorophore sensors, however, these films are difficult to synthesise and are mostly constrained to the detection of explosives in an aqueous solution. 30, 31 Various ''Lab-on-a-chip'' devices, particularly CE-based electrochemical microsystems, have also been used in the field of explosive detection. 7 These microsystems are advantageous due to their portability, compact size, relatively easy integration with other systems, low cost and low sample/ reagent consumption, and have rapid analysis times.
be employed to construct mPADs including photolithography, 32 plotting, 33 paper cutting, 34 plasma oxidation, 35 inkjet printing, 36 inkjet etching 37, 38 and wax printing. [39] [40] [41] In comparison to other micro devices, mPADs have particular benefits such as, no requirement for pumps, adsorption of aqueous fluids, availability in a range of thickness, easy disposal, flexibility, and suitability for colorimetric tests. 42 In this paper we present an innovative wax printed mPAD and prototype instrument to detect explosives using an ultraviolet LED.
Materials and methods

Chemicals and reagents
Terasil Blue, Orange G and Acid Green were obtained from Sigma Aldrich in analytical grade. Pyrene and sodium dodecyl sulfate (SDS) were used in analytical grade. Explosives, i.e. 1,3,5-trinitrobenzene (TNB), 2,4,6-trinitrotoluene (TNT), 2,4-dinitrotoluene (2,4-DNT), 4-amino-2,6-dinitrotoluene (4-A-2,6-DNT), 4-nitrotoluene (4-NT), 1,3-dinitrobenzene (DNB), nitrobenzene (NB), 1,3,5-trinitro-1,3,5-triazacyclohexane (RDX), pentaerythritol tetranitrate (PETN), and 2,4,6-trinitrophenylmethylnitramine (tetryl), at a certified concentration of 1000 mg mL 21 A pyrene solution was prepared by dissolving 2.5 mg of pyrene in 4 mL methanol. This solution was sonicated for five minutes followed by the addition of 1 mL deionised water producing a 0.5 mg mL 21 pyrene solution.
Great care has to be taken when handling explosive materials. All explosives were stored in an explosion proof fridge (4 uC) securely sealed in appropriate glass containers. Explosive solutions were prepared and experiments conducted in well ventilated fume hoods wearing appropriate personal protection, i.e. face protection, gloves, and lab coat.
mPAD fabrication
CorelDraw 5 software (Corel Corporation, Ontario, Canada) was used to design the microstructures of the mPAD prior to printing the designs on Whatman 1 185 mm diameter filter paper grade 40:8 mm (Ashless Grade, Ash 0.007%). The mPADs were printed with a FujiXerox ColorQube 8870 colour printer (Xerox, Australia). The printed wax channels were melted (at 150 uC for 5 min) into the filter paper with a swing-away heat press (GEO Knight & Co, Inc) with pressure and temperature control. An EZ4D microscope (Leica) was used to measure the width of the wax lines.
The channel width selected in the software was referred as nominal width (W N ), the width after printing as printed width (W P ) and the width after heating as W H . 39 Wax barrier optimisation. Lines of varying widths and colours were printed to evaluate the extent of spreading when heated at 150 uC for 5 min. The lines' W N ranged from 100 mm to 1000 mm with increments of 100 mm. All lines were designed and printed in all colours available on the printer; cyan, magenta, yellow and black (colours present the CMYK colour model) and green as a mixed colour. The spreading of the different colours was examined by measuring W P and W H of the lines under the microscope. Hydrophobic barriers were tested by generating circles of different colours with 5 mm diameter and W N ranging from 50 to 450 mm. Five mL of a solution of the Terasil Blue, Orange G and Acid Green solutions were deposited inside the wax barriers. Circles with larger diameters and widths (11 mm diameter and 600 mm W N ) were placed around the inner circle in order to stop liquid from spreading over the filter paper (Fig. 5) .
Optimised mPAD design. After optimisation all mPADs were designed with magenta circles of 5 mm diameter and 200 mm nominal width.
Explosive detection by fluorescence quenching
Solvents for pyrene. Organic solvents (methanol, ethanol, propanol, and acetonitrile) were mixed with water in ratios from 10 : 90 (organic solvent : water) to 100% organic solvents in increments of 10%. The mixture was coloured with Terasil Blue (1 mg mL 21 ) and applied to magenta circles of 5 mm diameter and 200 mm W N .
Influence of solvents on wax barriers. The possible influence of organic solvents on the wax barriers was tested by depositing 5 mL of hexane and methanol separately in magenta wax circles of 5 mm diameter and 200 mm W N , letting the organic solvents dry and applying organic solvent : water mixtures as in the previous experiment.
Detection
A Video Spectral Comparator VSC 6000 (Foster + Freeman Ltd, England) was employed for fluorescence detection. The instrument contains a high-resolution colour camera, zoom lens, a range of viewing filters, and multiple illumination sources from UV to visible to IR wavelengths. Fluorescence and fluorescence quenching were visually detected on-screen by exposing the mPAD to the excitation wavelength of 365 nm.
Portable explosive detector prototype
An in-house prototype mPAD reader device was built based on the electronic circuits shown in Fig. 1 . All electronic components were procured from Element 14 (au.elemtn14. com). The UV-LED (365 nm) was a surface mount device type (SMD) with 3 W power. The sensor was a 5 mm ambient light photodiode (Vishay, TEPT5700).
Calibration: a mPAD containing only pyrene was inserted between D4 and D1 while R2 was adjusted until the LED D3 turned green and the LED D2 turned off.
Results and discussion
mPAD fabrication Fig. 2 illustrates the process of wax printing in which the wax lines are spread laterally and vertically after controlled heating and pressure application. 39 Vertical spreading creates the hydrophobic barriers, whilst lateral spreading decreases the sharpness of the channel defined by the barrier and also broadens the width of the barrier. 39 During the fabrication process fibers in the paper tend to be more horizontally aligned rather than vertically and spreading is quicker along the fibers, the process of lateral spreading is usually more extensive. 39 The resulting channel width W H after heating is the sum of the original printed channel width, W P , and two times the distance which the wax spreads from the edge of a printed line, L. The spreading characteristics of the wax are likely to be governed by the wax matrix as well as the components which imparts colour. Fig. 3 illustrates the differences in the lateral spreading for vertical lines with 0.3 mm W N measured after printing (upper line) and after heating (lower line).
The widths of the lines were 0.394 ¡ 0.003 mm before heating and 1.52 ¡ 0.04 mm after heating for yellow, 0.397 ¡ 0.009 mm before heating and 1.59 ¡ 0.05 mm after heating for cyan, 0.417 ¡ 0.011 mm before heating and 1.80 ¡ 0.02 mm after heating for black, 0.458 ¡ 0.005 mm before heating and 2.16 ¡ 0.04 mm after heating for magenta, and 0.454 ¡ 0.005 mm before heating and 2.17 ¡ 0.03 mm after heating for green. Yellow displayed the smallest spread, followed by cyan, black, magenta and green. This trend was consistent for every colour from 0.1 mm to 1.0 mm W N with increments of 0.1 mm (Fig. 4) . All colours had linear relationships between heated and nominal width; however with different slopes. It can be seen, that though cyan displayed increased spreading compared to yellow at nominal widths between 0.1 and 0.7 mm, yellow spread more than cyan starting from 0.8 mm nominal width. The linear relationship indicates that the printing and heating process is reproducible and predictable across these widths.
Thus, it seems possible to design colourful mPADs using the FujiXerox ColorQube 8870 colour printer with channels of different predictable widths and characteristics based on the choice of colour.
The quality of hydrophobic barriers was optimised by determining the smallest W N required for producing fully functioning hydrophobic barriers for every colour present in the four solid inks used in the printer (CMYK colours) plus the colour green representing a mixed colour. Terasil Blue solution (Fig. 5) , Orange G solution (data not shown) and Acid Green solution (data not shown) were deposited in circles of varying W N (from 50-450 mm) and colour (Fig. 5) . 39 The ''high'' volume of 5 mL (forming a convex meniscus on the paper surface) was chosen as it could fully fill the inner and outer circle. Full functioning barriers were apparent at different widths for the various colours. After heating magenta and green created full hydrophobic barriers with a W N of 120 mm, black A similar procedure was performed with circles of 50-300 mm W N with increments of 50 mm for five mixed colours; orange, dark green, light green, blue and dark purple; and a reference standard, magenta (data not shown). All mixed colours (except light green) produced reliable hydrophobic barriers at a W N of 130 mm. This observation was consistent with results for magenta. Light green did not exhibit fully functioning hydrophobic barriers even at 300 mm nominal width, most likely due to the high ratio of yellow which showed relatively small spreading. Similar results were obtained for the three test solutions (Terasil Blue, Acid Green and Orange G), indicating that the dyes had no significant influence on the experiment.
For further experiments, all mPAD patterns were designed in magenta with W N = 200 mm. Magenta was the most suitable colour for the generation of reliable hydrophobic barriers for two reasons. Firstly, it showed the largest spreading when compared to cyan, yellow and black. Secondly, it is a single colour and possible inconsistencies caused by colour mixing could therefore be excluded. The four ColorQube 8870 solid inks are made of polyethylene and fatty amine waxes (50-60%), resin (10-20%) and dye (¡ than 5%), although the exact composition of each one of the four solid inks is proprietary information. Two different batches of inks were tested and the results were similar implying that at least for this printer magenta produces better hydrophobic barriers than the other standard colours.
Application: explosive detection by fluorescence quenching
Pyrene is a flat polycyclic aromatic hydrocarbon soluble in several different organic solvents, however just sparingly soluble in water (0.135 mg L 21 ). 43 Pyrene was selected as the fluorophore based on its excellent relative fluorescence power of 0.345 43 and its known quenching in the presence of explosive material. 44 However, the pyrene application to the mPADs was found to be problematic.
The water solubility and therefore pyrene concentration in water was too low for fluorescence detection. On the other hand, the hydrophobicity of the wax channels restricted the application of pyrene in organic solvents to the mPADs. It was assumed that less polar solvent molecules than water, e.g. methanol, ethanol, propanol and acetonitrile (solvents usually used to dissolve explosives), can slightly interact with the fatty acids in the solid ink allowing the passage of the solvents. Two reported approaches to increase the water solubility of pyrene, i.e. increasing the temperature 45 and adding surfactants, 46 were both tested without success. Increasing the temperature did not result in a satisfactory pyrene concentration and the surfactant property of SDS lowered the surface tension of water so that the pyrene-SDS solution did not stay compartmentalized in the barrier. The possibility of first dissolving the pyrene in an organic solvent and then mixing the organic solution with water and applying the dispersion to the hydrophobic channels was investigated. To find the required ratio of water : organic solvent for mPAD application, coloured (Terasil Blue) dispersions with different ratios (from 10 : 90 to 100 : 0) were deposited on circles printed in magenta. The results can be seen in Fig. 6 .
For methanol : water (column A), a ratio of 80 : 20 respectively displayed satisfactory hydrophilic properties for the application on mPADs. An ethanol : water mixture required a 50% water ratio, whilst a propanol : water mixture required a 90% water ratio. Therefore each incorporation of a methylene group in the alcohol molecule reduced the capacity of retention of the solution on the mPAD by 30-40%. Acetonitrile showed satisfactory hydrophilic properties when mixed with water in a 50 : 50 ratio similar to ethanol. This sequence of alcohols (methanol, ethanol, propanol) was expected and can be explained by the different solubility of alcohols in water caused by the different sizes of the nonpolar carbon chain.
As organic solvents were able to penetrate the wax barriers, experiments were conducted to test whether this process resulted in any change of the barrier quality. Hexane (hydrophobic solvent) and methanol (hydrophilic solvent) were separately pipetted (5 mL) in the mPAD circles and allowed to dry. Afterwards, coloured solvent : water mixtures were deposited on the mPAD (same design as in Fig. 6 ). Treated Ten different explosives were tested for fluorescence quenching of pyrene with the VSC 6000 instrument. The choice of explosives was based on covering a range of classes of explosives such as nitrate esters (PETN), nitro aromatics (TNT, 2,4-DNT, 4-A-2,6-DNT, 4-NT, DNB) and nitro amines (RDX, tetryl). One mL of the explosive solution (1000 ppm) was deposited within the hydrophobic barriers of the mPAD. All explosives gave positive results as shown in Fig. 7 . The mPAD proved to be suitable for the detection of nitrate esters, nitro aromatics, and nitro amines.
As can be seen in Fig. 7-2 the affinity between explosive and pyrene depends of the chemical composition of the explosive. TNT (D) for example displayed higher fluorescence quenching in comparison with 4-NT (F). The detection limits of the ten explosives tested (Fig. 7-2 ) using the VSC 6000 instrument were found to be between 100 and 600 ppm.
Other explosives including picric acid and dinitrotoluene isomers were also tested positive using this method, but are not presented here.
It was observed, that solvents used to prepare standard solutions, such as acetonitrile and methanol, can decrease the fluorescence of pyrene. However, this decrease was extremely limited and could be easily distinguished from fluorescence quenching caused by the deposition of explosives.
The selectivity of the method was investigated by examining eight randomly selected substances (water, milk, coffee, tea, coke, beer, wine, Mylanta Antacid Dual Action) for their ability to quench the fluorescence of the mPAD device compared to a negative and positive control. All tests for the eight randomly selected substances were negative (Fig. 7-3 ). Preliminary data indicated that the selectivity of the technique was good, with no false positives detected.
Portable explosive detector prototype
A small, portable instrument was built for the field detection of explosives. This instrument incorporated a 365 nm UV LED as a light source and a photodiode as a light sensor. The use of a high power LED was necessary to ensure sufficient excitation of pyrene. The detection cell, where the mPAD was inserted, had a gap of 0.5 mm between the light source and sensor. When the UV LED was turned on, the ultraviolet light (365 nm) excited the pyrene on the mPAD which emitted visible light. This light was captured by the photodiode sensor at 500 nm on the other side of the mPAD (Fig. 8) . The sensitivity of the photosensor was relatively low at 365 nm, which was important in order to avoid interferences with the UV light that passes through the paper. When a new mPAD device was inserted in the instrument, calibration was achieved by presenting a circle with only pyrene to the sensor and adjusting the potentiometer R2 (see Fig. 1 ) until the green LED was turned on. The green light signalled that no explosives were present on the mPAD. If explosives were on the mPAD, fluorescence quenching shifted the wavelength which was usually emitted by the pyrene and a red light flashed to alert the analyst (see D2 - Fig. 1 ).
The instrument was tested by sampling a 10 cm 6 10 cm bench surface which had been thoroughly cleaned and was free from any explosive material. A cotton swab moistened with methanol : water (80 : 20) was used as sampling device. After sampling, the swab was gently pressed on top of a circle on the mPAD. The mPAD was then inserted into the instrument which displayed a green light, indicating no detection of explosives. After re-sampling the bench surface homogeneously spiked with TNT (3 mL of 1000 ppm solution) and exposing the respective mPAD, the instrument displayed a red flashing light indicating the detection of explosives.
A preliminary test of all ten explosives which had previously given positive results using the VSC 6000 instrument, also resulted in a positive response with the portable prototype and no false-positives were detected. These results demonstrate the suitability of the prototype mPAD reader to explosive screening. Fig. 8 illustrates the portable explosive detector prototype.
Optimisation. As the sensor has a 5 mm diameter, this diameter was chosen as an ideal size for the circle printed on the mPAD. Three different pyrene concentrations, i.e. 0.10 mg mL 21 , 0.25 mg mL 21 and 0.50 mg mL 21 were tested. Optimal performance was found when 1 mL of 0.25 mg mL 21 pyrene solution was deposited on the mPAD.
Conclusion
An innovative, rapid, cost-effective and simple screening method for the detection of explosives based on mPADs has been developed. Micropads were created by printing on a filter paper using a FujiXerox ColorQube 8870 wax printer and heating the paper at 150 uC for 5 min with a heat press. Magenta was found to be the most suitable colour for generating hydrophobic barriers with a smaller nominal width, i.e. 120 mm, to create a fully functioning hydrophobic barrier than other colours. As the created mPADs are not affected by temperatures under 60 uC, storage for field-based use is promising. Pyrene was successfully deposited on the mPADs by dissolving it in an organic solvent (methanol) and adding water to the solution to create a 80 : 20 ratio dispersion. The detection of ten different explosives representing nitrate esters, nitro aromatics and nitro amines with the VSC 6000 has been demonstrated with limits of detection between 100 and 600 ppm, thus in the nanogram range. The method is able to detect explosives in aqueous or organic solutions. No false positives were detected indicating a good selectivity of the developed method. However, this study needs to be expanded to further examine the selectivity of the method and identify any potential false positives to therefore increase the evidential value of the technique.
A portable battery-operated instrument prototype was built to enable the field-based detection of explosives. The light source and optical sensor were based on the use of an UV-LED and a photosensor and met the requirements for high reliability, portability, low power and low cost. The sensor emits a red light alarming signal when fluorescence quenching is detected. All ten explosives tested with the VSC 6000 were also detected by the prototype. By decreasing the concentration of pyrene to 0.25 mg mL 21 , the minimum detectable masses for the ten tested explosives were in between 0.1 to 0.9 micrograms ( Table 1 ). The developed method has the potential for field-based application of explosive detection for environmental and law enforcement purposes. Further research will focus on improving the sensitivity and robustness of the developed method and the portable prototype, which will result in its casework applicability. This can be achieved in two ways: (1) optimising the instrument or (2) optimising the mPAD. Fig. 8 Illustration of the portable explosive detector prototype. The first step (not shown) includes inserting the calibration point between the UV LED and the photodiode and turning the calibration knob until the green LED flashes. The second step (displayed in the Figure) shows the detection of explosives on the mPAD (red LED flashes). 
